The instability of the purple pigments (anthocyanins) in purple basil varieties (Ocimum basilicum L.) limits their use as ornamental plants and as a potential anthocyanin source. Several self-pollinated generations of all purple plants were unsuccessful in stabilizing anthocyanin expression. In this study we investigated the inheritance and stability patterns of leaf traits using the Purple Ruffles variety. The results from the complete diallele crosses indicated anthocyanin expression in vegetative tissue is controlled by two dominant genes and ruffled leaf texture is controlled by a single recessive gene. Genes controlling leaf margin and leaf base structures were tightly linked to leaf texture. Essential oil production and oil constituents in leaves did not change as a result of the reversion in color. Color stability in cuttings was affected by the environment and the location where cuttings were taken. An accumulation of secondary metabolites (apigenin, genistein, and kaempferol) in green-reverted sectors on purple leaves was detected using reversephase high-performance liquid chromatography (HPLC) analysis; this suggested a potential block in the anthocyanin pathway. We hypothesize the reversion mutation is occurring in an anthocyanin regulatory gene.
Purple basils are highly marketable herbs, not only for culinary purposes but also for their ornamental value. The instability in purple basil varieties has been a major problem. Purple-leafed basil varieties rarely produce uniform progeny. Despite selfpollinating over many generations of plants selected for deep purple leaves, progeny still produce variants with green leaves. The Purple Ruffles basil variety has a 34% reversion rate to green leaves. Over many years, breeders have attempted to stabilize the anthocyanin genes, but a stable purple basil remains illusive ( Debaggio 1994) . The gene(s) that control anthocyanin expression in basil appear to be so unstable that even vegetatively propagated plants can lose their color.
The long-term goal of our research was to stabilize Purple Ruffles so that this variety or other purple basils could be reliably used as an ornamental purple landscape plant and as a garnish in green leafy salads and vinegars. To achieve this goal we first identified and characterized the anthocyanins present in all purple basil varieties (Phippen and Simon 1998) . The work we report here was directed toward establishing the inheritance patterns of leaf characteristics and determining the stability of anthocyanin production. Concurrent research in our laboratory also focused on developing strategies to overcome the anthocyanin mutation in basil utilizing biotechnology (Phippen and Simon 2000) .
Despite the interest in anthocyanin pigments in basil, surprisingly little information is available concerning their inheritance patterns. According to Naragund et al. (1979) , duplicate factors, R1 and R2, are responsible for purple pigmentation, and the homologous recessive condition of these genes results in the absence of purple pigmentation. On reversion from purple to green, other leaf traits such as margin serration, leaf base structure, and leaf texture also change. The inheritance of these leaf traits has not been reported. To investigate the inheritance patterns of anthocyanins and other basil leaf traits, we conducted a complete diallele cross utilizing the parent plants of Purple Ruffles (PR), Dark Opal ( DO), and Green Ruffles (GR), and two Purple Ruffles phenotypes, Purple Ruffles and Green Purple Ruffles (GPR). DO is a dark purple basil with smooth, partially serrated leaves, while GR is a green basil with ruffled, deeply serrated leaves. PR was the progeny pheno- type from this cross and GPR was a green mutant we self-pollinated over several generations having green, smooth, partially serrated leaves.
Morphologic and biochemical differences between the purple and green leaf sectors on basil leaves were also investigated. A prominent feature of basil leaves are the glandular trichomes and the essential oils producing the characteristic basil aromas. To determine if the reversion was affecting essential oil production or constituents, essential oils were extracted from purple and green leaves and compared. Microscopic techniques were employed to examine the leaf epidermal cell structures and localize anthocyanin production. Other studies investigated the stability of the mutation and the mechanism which is leading to the reversion of anthocyanin expression. Finally, to elucidate the possible site of action of the mutation, green leaf sectors were extracted and analyzed by reverse-phase high-performance liquid chromatography ( HPLC) analysis for the accumulation of secondary metabolites. An increase in secondary metabolites of the phenylpropanoid pathway prior to anthocyanin production in green leaves, when compared to purple sectors, would be a strong indicator as to the potential block site(s). These studies permitted a better understanding of the genetic instability of anthocyanins in basil and development of strategies to overcome this instability.
Materials and Methods

Plant Material
The Purple Ruffles variety was obtained from Ball Seed Company (West Chicago, IL). The seed packet label ( lot 31265000) indicated 34% green seed and an 85% germination rate. Seeds were sown in vermiculite and peat mix and allowed to germinate for 10 days on a mist bench at 22ЊC. Seedlings were transferred to individual pots and placed in a greenhouse under supplemental lighting. Plants selected for either all green or all purple color were self-pollinated over two generations. The all purple leafed selection was designated Purple Ruffles (PR), while the completely reverted all green leafed selection was designated Green Purple Ruffles (GPR). Dark Opal was provided by Rupp Seeds (Wauseon, OH) (catalog no. 1094) and Green Ruffles was supplied by Burpee (Warminster, PA) (catalog no. B-53801).
Controlled Crosses
Ten cuttings were taken from a single plant of each of the four varieties. The cuttings were then used as parents in a diallele crossing experiment. The ploidy level for each parent plant is as follows; GR (2n ϭ 56), PR (2n ϭ 54), and DO (2n ϭ 52) (Paton and Putievsky 1996) .
For the F 1 crosses, a single whorl of flowers per spike was selected for emasculation and cross-pollination. In 4-6 weeks following pollination, the flower spikes were harvested and seeds collected.
The resulting F 1 seeds were sown and both leaf color and texture were visually scored for each cross at the third true leaf stage. Five plants were selected from each cross to conduct the F 1 crosses. Plants were maintained under greenhouse conditions with supplemental lighting. Each cross was conducted by transferring pollen utilizing small paintbrushes to ensure sufficient seed set for the F 2 generation. Seeds were allowed to mature for 4-6 weeks. F 2 seeds were sown under the same growing conditions as the F 1 generation and visually scored for leaf color and leaf texture at the third true leaf stage. 
Microscope Studies
Leaves, stems, and floral tissue were harvested from mature PR and GPR plants and placed in chilled water. Using a double-edged razor blade, thin slices of tissue were obtained and viewed under a binocular microscope ( Nikon Optiphot). Each slice was viewed immediately after it was made to minimize anthocyanin degradation.
Computer Analysis
Ten random cuttings were taken from each plant, with the location of each cutting being noted. Cuttings were taken from primary, secondary, and inner canopy shoots. Each cutting was marked and placed in vermiculite without rooting hormones on a mist bench. Cuttings were transferred to soil mix when roots developed, within 3 weeks. Cuttings were grown for 10 weeks in the greenhouse or transplanted in the field.
For the analysis, initial cuttings were taken from the parent plants and placed on a computer scanner. Cuttings were placed in a 1-in. thick foam pad to protect stems when scanning. Images were captured in Adobe PhotoShop 4.0. After the images were captured, cuttings were returned to the original growing conditions. After 10 weeks, all leaves were removed from the cuttings and rescanned. Before and after images compared total leaf area, percentage of purple pixels, and percentage of green pixels for each cutting using IP-Lab Spectrum version 3.0 software (Signal Analytics Corp., Vienna, VA). The percentage of change was then calculated from the ratio of the 10-week scan to the initial scan.
Essential Oil Extraction
Essential oils were extracted from dried leaf samples harvested from plants just prior to flowering, grown under both field and greenhouse conditions. Dried leaf tissue (60-75 g) was placed in a 2 l flask with distilled water (1:15 w/v) and heated to a boil in an electric heating mantle. Utilizing a Clevenger trap apparatus, essential oils were distilled for 40 min. Total oil volume of each sample was recorded and held at 4ЊC until analyzed by gas chromatography.
Gas Chromatography
Volatile oil samples were analyzed on a Varian 3700 gas chromatograph ( Varian Associates, Inc., Walnut Creek, CA) equipped with flame ionization detector ( FID) and an electronic 4270 integrator. A fused silica capillary column (30 m ϫ 0.25 mm ID) with an RSL-200 (Alltech, 5% phenyl, 95% methylpolysiloxane) bonded phase and helium as the carrier gas was utilized. Oven temperature was held isothermal at 80ЊC for 2 min and programmed to increase at 3ЊC/min to 160ЊC, resulting in the complete elution of all peaks (sensitivity of 10
Ϫ10
, attenuation 16). The injector and detector temperatures were 250ЊC 
Extraction of Secondary Metabolites
To analyze leaf samples for secondary metabolites by HPLC, the protocol established by Graham (1991) was followed. First, 2 g of leaf tissue was finely chopped and placed in a 15 ml centrifuge tube with 10 ml of 80% ethanol. The secondary metabolites were extracted for 5 h at room temperature. The leaf tissue was pelleted by centrifugation at 12,000g for 10 min and the supernatant was decanted to a 50 ml round bottom flask. Samples were rotoevaporated to near-dryness and resuspended in 1 ml of 80% ethanol. Samples were stored at 4ЊC until analyzed by HPLC.
Analytical HPLC Analysis of Secondary Metabolites
Analytical HPLC analysis was performed using a 9012 Solvent Delivery System and Varian 9050 Variable Wavelength UV-Visible Detector connected to a computer with Varian Star version 4.5 integration software. A SynChropak (Micra Scientific, Inc., Northbrook, IL) RP-100 (C 18 , 100 Å pores, 5 m particles) column (250 mm ϫ 4.6 mm) and guard column (50 mm ϫ 4.6 mm) were used at 20ЊC. A flow rate of 1.5 ml/min was utilized for each run, scanning at 236 nm. The solvent system employed pH 3.0 HPLC-grade water and 100% acetonitrile. The initial conditions were set to 0% acetonitrile and increased as a linear gradient to 55% in 25 min, followed by a step increase to 100% acetonitrile for 2 min, and returned to pH 3.0 water for 3 min for a total run time of 30 min. In all cases, 20 l of extract was injected. HPLCgrade water was adjusted to pH 3.0 with phosphoric acid.
Secondary metabolites were extracted from mature leaves of GPR and PR plants grown in the field. Leaves from three individual plants were extracted from both phenotypes. Secondary metabolites were identified by comparing retention times to that of known standards.
Results
Morphologic Observations of PR and GPR
The PR selection required an average of 8 days for seed germination, while the GPR selection required 6 days. The GPR selection grew vigorously and developed primary leaves within 2 weeks, compared with PR which required an additional week to form the first set of primary leaves. One possible explanation is that the additional energy required to produce anthocyanins in PR may have reduced the overall plant vigor. 
Cuttings taken from the inner canopy of the mother plant resulted in a greater percentage of change from purple to green. a Percentages are reported as an average of three cuttings Ϯ SD. Percentages of color were determined by scanning basil leaves and analyzing the color pictures with IP-Lab Spectrum software. PR leaves are large (average 9-15 cm, base to tip) with deep serration on the margin, a blunt leaf base, and ruffled texture ( Figure 1A ). Under high light conditions, leaves and stems were a dark blackpurple color. The shading by the upper canopy leads to the degradation of anthocyanin pigments in the lower leaves. GPR is characterized by small leaves (average 7-10 cm, base to tip), slightly serrated margins, a tapered leaf base, and a smooth leaf surface ( Figure 1B) . However, when GPR seedlings are placed under high light intensities (800 mol/s/m 2 ), anthocyanin pigments are produced in the uppermost leaves with no change in other leaf characteristics.
The anthocyanin expression was localized in the epidermal cell layer of the leaves and floral tissue ( Figure 2 ). Stem and floral stalk tissue have pigments in both the epidermal and pith cell layers. Within the cells of the leaf, anthocyanin pigments are restricted to the vacuole due to their low pH requirement. Vacuoles localized in glandular trichomes also contained pigments. Epidermal cells and glandular trichomes of both PR and GPR phenotypes were indistinguishable.
Characteristics of the Green Mutation
On PR and GPR plants, the sectors created by the mutation do not exhibit any pattern ( Figure 1C-F) . Green sectoring on leaves appears as distinct sectors along veins and the mid-rib, but sometimes crossed these boundaries. Sectors had distinct straight or faded edges. They can be localized anywhere on the leaf, and adaxial sectoring patterns differ from those on the abaxial side of the leaf. Sectors did not follow the cell lineage of leaf formation. A purple leaf can exhibit a green sector in the center of the leaf with a purple sector in the middle of the green area. Sectors can be single cells or encompass an entire leaf.
The mutation appears to affect all stages of development. Seedlings with bright purple cotyledons can develop all green leaves. Petiole tissue can develop green sectors on all sides and at all stages of development. Sectoring occurs in the internodes at the epidermal and subepidermal cell layers. Flowers of GPR can have purple sectoring in all the floral tissues except pollen, which remains yellowish white.
Inheritance of Anthocyanins
The parent plants selected for the diallele crosses had varying leaf characteristics ( Figure 3) . Results from the complete diallele crosses examining anthocyanin production indicated that both the GPR and PR parents are unstable for anthocyanin expression ( Table 1) . Even after several attempts to create near-isogenic lines after seven self-pollinations, PR still had a 28% reversion rate to a green leaf phenotype. GPR, on the other hand, had only a 2.4% occurrence of anthocyanin pigments present in vegetative tissue. As such, both GPR and PR were excluded from the final analysis confirming the inheritance of anthocyanin patterns in basil tissue.
Although DO had 23 individuals with a variegated phenotype following the DO self-pollination, this phenotype did not have distinct green sectors. The DO variegation was characterized as a uniform fading of anthocyanin expression rather than the complete loss of anthocyanin expression in distinct sectors, as seen in PR plants. The results from the reciprocal crosses between DO and GR in the F 1 generation confirm that anthocyanin expression is dominant over green as all the F 1 progenies exhibited anthocyanins. The self-pollination of these individuals for the F 2 generation resulted in a 9:3:3:1 segregation ratio ( Table 1) , indicating anthocyanin expression is controlled by two genes, confirming the results of Naragund et al. (1979) . The two intermediate heterozygous states of these genes appear to have a decreased level of anthocyanin expression and produced a variegated phenotype. The DO ϫ GR cross fit a 9:6:1 segregation ratio with an accepted chi-square value of 4.24 (df ϭ 2, P ϭ 5.99), whereas the GR ϫ DO cross had a slightly elevated chi-square value of 9.20. These skewed results could be explained by the difficulty in the scoring of the faded phenotype under greenhouse conditions and may have contributed to the underscoring of the variegated phenotype. This also could be due to an unstable genetic system.
Inheritance of Leaf Traits
GR and DO were selected to demonstrate the inheritance of leaf texture in basil due to the instability issues of PR and GPR. Following a complete diallele cross for leaf texture, the occurrence of smooth leaf plants in the F 1 generation indicated that smooth leaf texture is dominant over ruffled leaf and segregated in a 3:1 ratio in the F 2 generation ( Table 2) . The cross of DO ϫ GR had a chi-square value of 1.17 (df ϭ 1, P ϭ 3.84 at 0.95) and GR ϫ DO had a value of 1.38, indicating the smooth leaf texture inheritance patterns fit a 3:1 segregation ratio for a single dominant gene. The inheritance of deeply serrated leaf margins and blunt leaf base are linked to the ruffled leaf texture.
Maternal Effect of GPR on Controlled Crosses
The four reciprocal crosses in Table 1 involving the purple varieties, DO and PR with GPR, indicated an average 3.5-fold increase in the number of green individuals and a slight decrease in the number of variegated progeny as compared to crosses with GR. However, the crosses conducted with GR would suggest a maternal effect is occurring in GPR plants. The cross between GR as a female and GPR as a pollinator produced all green smooth individuals, whereas the reciprocal cross with GPR as the maternal parent resulted in 45 purple individuals and 35 with a variegated phenotype. The same trends were noticed in the inheritance of the ruffled leaf trait ( Table 2) . The four reciprocal crosses involving GPR with the ruffled varieties GR and PR all indicate a decrease in the number of ruffled progeny as compared to crosses with DO. There also appears to be a maternal effect on the crosses between GPR and DO, the two smooth leaf phenotype varieties. When DO is the maternal parent, all the resulting F 2 progeny are smooth. However, if GPR is the maternal parent, 94 of 661 (14%) seedlings were ruffled.
Mutation Stability
Monitoring the development of green sectors indicated the anthocyanin production is unstable and can be readily lost, but rarely gained. The initial scans conducted on 8 leaves of GPR plants indicated the same proportion of green and purple sectors were present when compared to the scan of 40 leaves taken 10 weeks later. If the cuttings were green to start with they remained green, with only an occasional purple spot appearing. Green plants never turned back to purple in a growing season; in contrast, purple plants routinely turned green within a season.
The location of the cuttings on the mother plant had a significant affect on anthocyanin stability ( Table 3) . Purple cuttings taken from the primary and secondary shoots have greater stability, with an average change of only 3 Ϯ 3% and 4 Ϯ 4%, respectively. In contrast, cuttings taken from the inner canopy shoots had a rate of change of 36 Ϯ 7%. The variegated cuttings were highly unstable regardless of where they were taken from the mother plant. Variegated cuttings had an average rate of change of 20 (9%) across the three cutting locations.
Growing cuttings under different environmental conditions also affects the stability of anthocyanin production ( Table  4) . Purple cuttings grown in field conditions had an overall percent change of only 3 Ϯ 2%, whereas the cuttings grown in the greenhouse conditions had a significantly higher rate of change of 14 Ϯ 5% over the 10-week period, possibly suggesting the involvement of environmental cues in inducing the reversion. However, if we examine just the primary and secondary cuttings there is only a slight difference between the field and greenhouse conditions, 3 Ϯ 3% and 2 Ϯ 1%, respectively. The majority of the change results from the reversion of intercanopy cuttings. This suggests the diminished levels of light in the intercanopy leaves helps trigger the silencing events in anthocyanin production. When green cuttings were returned to field conditions there was only a darkening of the purple sectors, but newly formed leaves were all green. Once a cutting reverted to green, all subsequent leaves remained green.
Essential Oil Production
Analysis of essential oil content and constituents in the glandular trichomes failed to show significant differences between the phenotypes. PR had an average essential oil content of 1.0 Ϯ 0.0% (essential oil volume per gram of dry leaf weight), while GPR had slightly less with 0.9 Ϯ 0.1% essential oil content.
GC analysis indicated that both PR and GPR plants contained the identical essential oil constituents in the same relative proportions. However, when grown under different environmental conditions essential oil constituents varied dramatically. The four major constituents of PR and GPR are 1,8-cineole, linalool, methylchavicol, and methyleugenol. When GPR plants were grown under greenhouse conditions there was a 28% increase in linalool (55 to 72) and a decrease of 70% in methylchavicol production ( Table 5 ). Plants grown in the field had lower levels of linalool and increased levels of methylchavicol. The proportions of 1,8-cineole decreased slightly in both varieties in the greenhouse, while methyleugenol increased. These results differ from those reported in methylcinnamate basil varieties (Morales et al. 1993) , where linalool levels were found to decrease under greenhouse conditions when compared to field-grown plants.
HPLC Analysis of Secondary Metabolites
A sample of two HPLC chromatograms of plant extracts from GPR and PR plants illustrates a significant difference in secondary metabolite accumulation ( Figure 4) . The secondary metabolites extracted from green leaves indicated an accumulation of apigenin, genistein, and kaempferol when compared to purple leaf extracts. This suggested a potential blockage in the pathway just prior to dihydroquercetin ( Figure 5 ).
Discussion
The complete diallele crosses of DO and GR were able to establish the inheritance patterns for anthocyanin pigments in vegetative tissue and leaf texture of basil leaves. Anthocyanin expression was found to be dominant over the green leaf phenotype and is controlled by two genes. These results support the conclusions of Murray (1990) and Naragund (1979) of a two-gene trait. Our results from these crosses established for the first time the smooth leaf phenotype as a dominant, single-gene trait. Although basils are polyploid, we were able to conclude that basil leaf traits appear to be inherited in a diploid manner.
The sporadic and unorganized fashion of the sectoring patterns on both leaves and stem tissue, indicates the reversion is not simply a somatic mutation. Somatic events would develop sectoring patterns along developmental lineages of leaf formation (Chaparro et al. 1995) . Results also indicated that the environment plays a role in inducing the mutation. Cuttings taken from the inner canopy or grown under greenhouse conditions all demonstrated higher rates of reversion.
The effects of GPR do not appear to follow Mendelian patterns. When GPR is selected as a maternal parent in crosses between a like phenotype for either color or texture there is an average 15% silencing of GPR's phenotype. The silenced anthocyanin expression and ruffled leaf texture in GPR is released only when GPR is utilized as the maternal parent in a cross with another similar phenotype. The cross with the green leafed GR allowed for the expression of anthocyanins, while the cross with the smooth leafed DO allowed for the expression of a ruffled leaf. These results suggest that a maternal factor in GPR is activated when crossed with both DO and GR that inhibits GPR's silencing ability of purple color and ruffled leaf texture.
Our results suggest a possible blockage in the flavonoid and anthocyanin pathway at the phytochrome P-450 flavonoid 3Ј hydroxylase ( F3ЈH) enzyme, catalyzing the conversion of dihydrokaempferol ( DHK) to dihydroquercetin ( DHQ) ( Koes et al. 1994) ( Figure 5 ). Only cyanidin and peonidin pigments have been identified in basil, with no evidence of pelargonidin or delphinidin pigments (Phippen and Simon 1998) , indicating only the cyanidin pathway is functioning in basil. However, the induction of anthocyanin pigments under high light conditions suggests the structural genes are still present and functional. These results may indicate the mutation is the result of a regulatory gene as opposed to a structural gene. Previous studies in maize, snapdragon, and petunia have indicated that many of the final steps in anthocyanin biosynthesis are regulated by transcription factors ( Holton and Cornish 1995; Martin and Gerats 1993) . Even if all the structural genes are intact, without the properly functioning regulatory genes, anthocyanin production will not occur. By supplying high light intensities, it is possible that a stress-induced regulatory gene could up-regulate the pathway leading to purple pigmentation. It is conceivable that in PR plants, the regulatory genes for the anthocyanin pathway are constitutive, while in GPR plants they are silenced yet can be induced under stress.
Summary
Many different molecular mechanisms have been reported to affect anthocyanin biosynthesis, including transposable elements, DNA methylation, homologous sequence suppression, and paramutation (Meyer 1995; Russo et al. 1996) . Das and Messing (1994) were able to demonstrate that a variegated phenotype in corn aleurone was due to the developmental methylation changes in the Pr gene. Johnson et al. (1998) described a similar anthocyanin instability mutation in soybean. Since many molecular mechanisms have been shown to affect anthocyanin expression and can be induced by environmental cues, any number of mechanisms could be occurring in purple basils.
Though we were able to glean insights into the behavior of this mechanism, we are still far from solving this reversion problem. Both the PR and GPR phenotypes need to be fixed in order to conduct reliable crosses to study the inheritance of the silencing events. However, the involvement of varying ploidy levels between the different parents and the fact that the ''silencing factors'' present in GPR could not be identified in the F 1 crosses, all contribute to the complexity of this dilemma. The development of genetic markers in basil may improve our ability in trying to understand this complex mutation.
